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1À4 that can be manipulated to a "fixed" temporary shape and reverted later to the "memorized" original shape upon exposure to an external stimulus such as heat, 1À3 light, 5À7 magnetic fields, 8, 9 or chemicals 10À13 are useful for a plethora of potential applications that range from mechanically adaptive materials for biomedical devices 2,14À18 to aerospace structures 18, 19 to dry adhesives 20 to optical devices. 21 Polymers intrinsically show shapememory effects, on the basis of rubber elasticity, but with varied characteristics of strain recovery rate, work capability during recovery, and retracted state stability. The elasticity can be imparted by covalent or physical cross-links. The polymer is typically deformed in its rubbery state above a transition temperature (T trans ), i.e., either glass transition, crystallization, or melting temperature, is cooled to below the transition temperature (T trans ) to fix a temporary shape in which the energy used for deformation is stored. Later, the recovery to its original shape is driven by regaining the entropy lost during deformation. 22 The ability to fix temporary shapes depends mainly on the possibility to create discrete reversible phase transitions in the polymer. 23À26 Thus, a broad range of different shape-memory polymers has been or can be developed, which exploit various reversible phase transitions and are designed to respond to different external stimuli. The most widely studied behavior is a purely thermally induced shape-memory effect, which relies on heating to above and cooling to below a transition temperature; indirect heating upon exposure of appropriately modified systems to an electrical current, magnetic field, or light represent interesting variations of this approach. 27À30 A light-induced shape-memory effect was also demonstrated, which was achieved by introducing photoresponsive cinnamic acid units into acrylate hydrogels. This allows one to trigger the shape-memory effect with light under isothermal conditions. 5 Comparably few materials have been described in which the shape-memory recovery can be triggered by a chemical stimulus. One design approach for such materials relies on the reduction of the glass transition temperature (T g ) of thermoresponsive shape-memory polyurethanes by way of plasticization upon immersion in water; here, the fixation of the temporary shape involved deformation at elevated temperature and cooling below T g . 10, 11, 31 Recently a purely solvent-induced shape-memory effect was also reported for a chemically cross-linked polyvinyl alcohol. 12, 13 ABSTRACT: New biomimetic, stimuli-responsive mechanically adaptive nanocomposites, which change their mechanical properties upon exposure to water and display a water-activated shape-memory effect, were investigated. These materials were produced by introducing rigid cotton cellulose nanowhiskers (CNWs) into a rubbery polyurethane (PU) matrix. A series of materials with CNW concentrations of 2À20% v/v was produced by solution blending CNWs and the PU. Films were subsequently prepared by compression molding. The introduction of CNWs led to an increase of the tensile storage moduli (E 0 ) in the dry nanocomposites. The level of reinforcement scaled with the CNW content and followed the HalpinÀKardos model below and the percolation model above the percolation limit of ∼7% v/v. Upon exposure to water, the materials with a CNW content above the percolation limit swelled slightly and showed a decrease of E 0 , for example from 1 GPa to 144 MPa in the case of the material with 20% v/v CNWs. This effect is the result of competitive hydrogen bonding between water and CNWs, which reduces the hydrogen bonding between the CNWs and weakens the CNW network that drives the reinforcement in the dry state. The mechanically adaptive behavior and a high elasticity of the wet materials are the basis for a shapememory effect that uses water as the stimulus. Polarized Raman spectroscopy revealed that in the temporary shape, generated by stretching and drying water-swollen nanocomposites, the CNWs display a significant level of uniaxial orientation.
We here report the development of a new type of shapememory material, in which the temporary shape is fixated and released by the formation and disassembly of a network of rigid nanofibers upon removal of and exposure to water, respectively. The design is an evolution of the chemically responsive, mechanically dynamic polymer nanocomposites we have previously reported.
32À39 These materials are inspired by the function and architecture of the sea cucumber dermis 40, 41 and rely on the incorporation of rigid cellulose nanofibers (also referred to as cellulose nanowhiskers) into a low-modulus polymer matrix that accommodates moderate aqueous swelling. Cellulose nanowhiskers, which can be isolated from a variety of biosources, are particularly attractive for this purpose, as they offer high stiffness (tensile modulus ∼100À130 GPa) and aspect ratio (∼25 nm Â 0.2À2 μm, depending on the source) and a surface chemistry (an abundance of hydroxyl groups) that is ideal for water-induced switching.
32,42À45 Polymer nanocomposites with a percolating network of nanowhiskers can be easily fabricated by mixing nanowhiskers and polymer in a hydrogen-bond-forming solvent in which nanowhisker self-interactions through hydrogen bonding of surface hydroxyl groups are "switched off" by competitive hydrogen bonding with the solvent. 46À49 Upon solvent evaporation, the interactions between the nanowhiskers are "switched on" and they assemble into a percolating network. This architecture and strong interactions between the nanowhiskers maximize stress transfer and therewith the overall modulus. The stiffness of such nanocomposites can be altered by the addition or removal of water which acts as a chemical regulator or stimuli and changes the hydrogen bonding between the nanowhiskers within the polymer matrix as shown in Figure 1 .
32À36 Indeed, the uptake of a small amount of water causes a dramatic reduction in the stiffness of the materials and the original stiffness is restored when the composite is dried. 47 Reporting nanocomposites based on a rubbery polyurethane matrix and cellulose nanowhiskers isolated from cotton, we show here that the combination of the above-described approach to water-triggered mechanically adaptive behavior with a highly elastic polymer matrix is the basis for a shape-memory effect that uses water as a stimulus. While the reinforcement of polyurethanes with short cellulose nanowhiskers has been described before, 50À53 the here-reported shape-memory is unprecedented and offers attributes that are especially attractive for biomedical applications, 11 such as self-tightening sutures, self-retractable and removable stents, and porous materials with adjustable pore size.
' EXPERIMENTAL SECTION Materials. Acetone, dimethylformamide (DMF) and sulfuric acid were purchased from Sigma-Aldrich. Texin 985, a thermoplastic polyurethane (PU) based on poly(tetramethylene glycol), butanediol, and 4,4 0 -methylenebis(phenyl isocyanate) with a Shore A hardness of about 85, was obtained from Bayer MaterialScience. Cellulose nanowhiskers from cotton (CNWs) were isolated using a reported protocol.
47, 54 The aspect ratio (l/d) of these CNWs, determined by TEM was ∼11 and their charge density, determined by conductivity titration following the procedure reported elsewhere, 55 was about 31À35 mmol 3 kg À1 .
Atomic Force Microscopy and Transmission Electron Microscopy. An aqueous dispersion of the CNWs (0.1 mg 3 mL À1 ) was deposited on a freshly cleaved mica surface and dried at 60°C under vacuum for 24 h. A JPK SPMControl Station III with a NanoWizard II stand-alone atomic force microscope (AFM) head was used to acquire images in tapping mode. All micrographs are presented in top-view with no filtering to ensure that all images were produced with the same quality. Dispersion and dimensions of the cellulose nanowhiskers were studied using transmission electron microscopy (TEM). A 10 μL drop of a 0.1 mg 3 mL À1 stock solution was placed on a copper grid, supported by a 3 nm carbon layer with a 50 nm layer polymer film below. The samples were dried at 60°C in a vacuum oven for 2 h and images were then taken using a transmission electron microscope CM100 (Philips Electron Optics, Zurich, Switzerland) operating at an accelerating voltage of 80 kV. CNW dimensions quoted are averages that were obtained from measurements of a total of 50À75 CNWs in five randomly selected TEM images.
Formation of Cellulose Nanowhisker Organogels. CNW organogels were prepared from aqueous dispersions using a solventexchange solÀgel process where gelation was induced through addition of a water-miscible nonsolvent (acetone) to the CNW dispersion. In a typical gelation process, 50 mL of the aqueous CNW dispersion of a concentration of 10À12 mg 3 mL À1 were placed in a 250 mL beaker. Acetone (100 mL) was gently added by letting the solvent run down the walls of the beaker so as to avoid mixing and form an organic layer on top of the aqueous CNW dispersion. Acetone gradually replaced the water and the top organic layer was exchanged with fresh acetone 1À2 times daily until the bottom portion had assembled into a mechanically coherent nanowhiskerÀ acetone gel (typically 5À7 days). When solvent exchange was no longer visible (refractive index gradients at the sol/gel interface), the acetone gel was released from the glass beaker, transferred to a screw top bottle and the solvent was exchanged twice more with dry acetone. The resulting gel was finally cut into smaller rectangular pieces, which were stored in dry acetone in a tightly sealed bottle until use. The CNW content, determined by weighing a sample of acetone gel, drying in vacuum, and weighing the remaining solid, was about 7.1 mg of CNWs per gram of gel.
Fabrication of PU/CNW Nanocomposites. The PU was dissolved in dimethylformamide (DMF) at a concentration of 35 mg 3 mL
À1
by stirring for 4 days. CNW acetone gels, prepared as described above, were weighed and placed at room temperature into PU solutions of various concentrations, in which they dissolved within a few minutes. These mixtures were stirred for 16 h, before they were cast into Teflon dishes. The solvent was evaporated under ambient conditions for 72 h before the films were placed for 48 h in an oven at 60°C, and subsequently dried under vacuum at 60°C for 45 h to remove any residual solvent. The dried films were compression-molded using spacers to adjust the film thickness in a Carver press at 180°C and 3000 psi for 120 s to yield 200À300 μm thick nanocomposite films. Swelling Behavior. The degree of aqueous swelling of the nanocomposites was gravimetrically determined by measuring the weight of samples pre-and postswelling in deionized water at 37°C for 5 days: mass of wet sample À mass of dry sample mass of dry sample Â 100 ð1Þ
To minimize the error in measuring the degree of swelling, once the wet samples were taken out of the water, they were placed on paper tissue to wick the water from the surface and the samples were then immediately weighed.
Dynamic Mechanical Thermal Analysis (DMTA). The mechanical properties of the nanocomposite films were characterized by dynamic mechanical thermal analysis (DMTA, TA Instruments Model Q800). Tests were conducted in tensile mode using a temperature sweep method (23À100°C) at a fixed frequency of 1 Hz, and a strain amplitude of 15 μm. All samples were dried under vacuum (À80 KPa, 16À18 h) prior to DMTA testing, unless water-swollen materials were measured. In order to determine the tensile properties of the nanocomposite films in the wet state, samples were swollen in deionized water at 37°C for 5 days and DMTA experiments were conducted using the above setup with a submersion clamp, which allowed measurements while the samples were immersed in water. To evaluate the kinetics of softening and stiffening of the samples during wetting and drying, selected measurements were also carried out under isothermal conditions at an operating temperature of 35 ( 2°C upon adding or removing water. A control experiment at 37 ( 2°C showed that small temperature variations did not affect the data noticeably.
Shape-Memory Behavior. A sample with an original shape (S i with initial length l i ) was immersed in deionized water for 5 days, deformed to an intermediate shape (S f with fixed length l f ) by stretching to a strain (l f À l i )/l i = 200% and drying the sample at 37°C for 24 h while the length was fixed at l f . After drying, the stress was removed and the sample adopted its temporary shape (S t with length l t ). The sample was subsequently immersed in deionized water at 37°C for 24 h to restore the original shape; to distinguish from the original state S i this state is referred to as recovered shape S r with length l r . In the case of the cyclic experiments, the sample was further dried in a vacuum oven at 37°C for 24 h to completely remove the water and rewetted for 5 days at 37°C for the next cycle. The expansion and contraction in the length upon wetting and drying were negligible before and after every cycle of measurements. To quantify the shape-memory effect, the shape fixing (R f ) and shape recovery (R r ), were quantified as follows:
Here l i = initial length, l f = fixed length after deformation and drying, l t = length of stress-free temporary shape, and l r = length of the recovered specimen.
Demonstrative Object. An artificial, water-activated, self-propelled fishing lure in the shape of a worm was fabricated from a PU/ CNW nanocomposite comprising 10% v/v CNW and 0.3% w/w of a colorant (Keyplast FL Red G) by manually shaping the melt. The worm was immersed in deionized water for 5 days, manually deformed to an intermediate shape, which was fixated, and the worm was dried for 24 h at 25°C. Relaxation was triggered by immersing the worm in deionized water at room temperature and the resulting movement was recorded using a digital camera at different time intervals during the recovery process.
Deformation Studies Using Raman Spectroscopy. A 26 mW (attenuated to 1 mW at the sample surface) 785 nm near-infrared laser coupled to a Renishaw System 1000 Raman spectrometer was used to record the spectra. A Â 50 objective lens with 0.60 numerical aperture was used to focus the laser beam onto the sample to a spot size of 2 μm. Raman spectra were acquired in the range of 1050 to 1150 cm À1 , which includes the 1095 cm À1 cellulose CÀO ring-stretching mode. 56 In order to obtain spectra with minimal noise, an exposure time of 30 s was used. Four spectra were accumulated and averaged, giving a total exposure time of 120 s.
Films of the PU/CNW nanocomposites with 20% v/v CNW (original sample length ∼20 mm) were deformed after aqueous swelling to a length of between 32 and 40.5 mm using a customized uniaxial tensile deformation rig, kept for 5 min, and left to relax. Raman spectra were recorded subsequent to relaxation. An unstretched nanocomposite sample and an unstretched sample of the neat PU were also measured. The polarization configuration of the laser and analyzer was such that their polarization directions were set parallel to the long axis of the samples, and therefore also to the tensile deformation axis of the specimens. The samples were rotated, using 5°increments, on a customized rotation stage, and spectra were recorded at each angle increment. The recorded Raman spectra were subsequently fitted using a mixed Gaussian/Lorentzian function, and an algorithm based on the work of Marquardt 57 to determine the intensity of the peak located at 1095 cm À1 as a function of rotation angle ' RESULTS AND DISCUSSION Preparation of PU/CNW Nanocomposites. Acid hydrolysis of Whatman filter paper yielded CNWs with an average width of 18 nm, length of 200 nm, and aspect ratio of ∼11, as established by analysis of TEM images. Figure 2 shows atomic force and transmission electron micrographs of the CNWs employed. The hydrolysis protocol employed introduces a small amount (∼31 mmol 3 kg À1 ) of sulfate groups on the surface of the CNWs, which cause electrostatic repulsion between the nanowhiskers and lead to their good dispersibility in many polar solvents. 34 Nanocomposite films composed of 0 to 20% v/v CNWs in PU were produced by solutioncasting mixtures of these components from DMF and subsequent compression molding (see Experimental Section for details). The specific PU, based on poly(tetramethylene glycol), butanediol, and 4,4 0 -methylenebis(phenyl isocyanate), was chosen due to its combination of modest water take-up (vide infra) and low modulus.
Aqueous Swelling. Before exploring the chemo-responsive behavior, i.e., changes of the mechanical properties of the PU/ CNW nanocomposites upon exposure to water, we studied their swelling behavior in this medium. After immersing the PU/ CNW nanocomposites to saturation (5 days) in deionized water at 37°C, i.e., a temperature that is of particular interest for biomedical applications, the degree of swelling was determined gravimetrically (Figure 3 ). The uptake of water increased gradually with the whisker content from 4% w/w for the neat PU to 12% w/w for the nanocomposite containing 20% v/v CNWs. This effect can be attributed to the increased hydrophilicity of the nanocomposite on account of the presence of cellulose nanowhiskers. The level of water take-up is very modest and much more moderate than observed in comparable nanocomposites comprising tunicate nanowhiskers (up to 70% w/w). This finding mirrors our recent data for poly(vinylacetate)/CNW nanocomposites, which swell less than the corresponding nanocomposites with tunicate nanowhiskers, and is explained by the lower sulfate charge density of the cotton nanowhiskers. 33 There may also be more accessible paracrystalline material in the cotton cellulose nanowhiskers compared to tunicate cellulose nanowhiskers. It is interesting to note that the water uptake of PU/ CNW nanocomposites seems to trace the tensile modulus (cf. Figure 4) ; i.e., the water uptake is constant at a level of about 3À5% w/w up to the percolation threshold, beyond which it increases in a relatively linear fashion. This is consistent with the interpretation that the percolating CNW network is the major driving force and pathway for water absorption and transport, respectively. The overall very modest water uptake bodes well for possible applications, where excessive swelling is undesirable.
Adaptive Mechanical Properties. The thermo-mechanical properties of the nanocomposites films obtained by casting and compression molding were established by dynamic mechanical thermal analysis (DMTA) as a function of composition. Figure 4 shows the tensile storage moduli (E 0 ) at 25°C, for both dry and water-swollen films (after swelling with deionized water at 37°C). The data were fitted using percolation and HalpinÀ Kardos models, using a CNW aspect ratio of 10.5, a whiskerphase tensile storage modulus of 13.0 GPa, a Poisson's ratio of 0.3 and a matrix tensile storage modulus of 13.8 MPa for the percolation model and transverse and longitudinal tensile moduli of 5 and 130 GPa for the HalpinÀKardos model. Details about these models are provided elsewhere. 32, 34, 35, 47, 49 At 25°C the neat, dry PU has a storage modulus of 14 MPa, which increases upon incorporation of the CNWs. For the nanocomposite with the highest CNW content investigated (20% v/v) an E 0 of 1076 MPa was measured, which represents a stiffness increase of almost 2 orders of magnitude. The significant reinforcement, evident from the large value of the whisker-phase tensile storage modulus of 13.0 GPa (obtained as a result from a least-squares fit of the percolation model against the data) suggests that interfacial interactions (hydrogen bonding) between the polyurethane and CNWs may contribute to the increase of E 0 , as suggested previously by Berglund et al. 58 Figure 4 shows that the magnitude of the reinforcement follows the HalpinÀKardos model for CNW contents below the percolation threshold (ca. 7% v/v) and the percolation model for CNW contents above this limit. The agreement with the percolation model is indicative of the formation of a percolating CNW network within the rubbery matrix and strong interactions between the nanowhiskers via hydrogen bonding. 36 Figure 4 also shows the tensile storage moduli E 0 of the neat PU and PU/CNW nano films that had been immersed in deionized water for 5 days (i.e., to equilibrium) at 37°C, before being tested in a DMTA setup that allowed the samples to be immersed in deionized water during the tests. The experiments were conducted in a temperature regime of 25À50°C; with the notion that the temperature influence is small, and with biomedical applications in mind, results are quoted here for a temperature of 37°C. As can be seen from Figure 4 and Table 1 , the stiffness of samples comprising more than 4% v/v CNWs was reduced upon aqueous swelling. For example, E 0 of the material comprising a CNW content of 20% v/v decreased by almost an order of magnitude from 1076 to 124 MPa. By contrast, no appreciable mechanical contrast was seen for samples comprising CNWs at a concentration below the percolation threshold. This is consistent with the proposed model for mechanical switching in the present materials. Water 'switches off' the CNWÀCNW interactions through competitive hydrogen bonding. The fact that the "off" values are somewhat higher than predicted by the HalpinÀKardos model is explained with the relatively moderate amount of water take-up, which may prevent complete switching. Of particular interest in the context of the shape-memory effect discussed later are compositions with a high CNW content, for which the largest absolute contrasts are seen.
To develop an understanding of the dynamics of the softening and stiffening of the nanocomposites upon immersion and drying, the mechanical properties were measured via DMTA under isothermal conditions as a function of time, using again a a Data quoted are averages of N = 5 independent measurements. setup that allowed us to keep the samples immersed in deionized water during the tests. It is noted, that these results are of course strongly influenced by the dimensions of the samples, and the drying conditions and perhaps the composition. Figure 5a shows E 0 of the PU/CNW nanocomposite with 7.5% v/v CNWs at a temperature of 35°C as a function of immersion time. An exponential decrease of E 0 can be observed after addition of water and within about 30 min, the stiffness has stabilized at a level that corresponds to the wet state. It should be noted that the kinetics are related to the film thickness (here 200À300 μm), since the switching process involves diffusion of water through the material. After removal of water (Figure 5b ), E 0 increased steadily to regain the original stiffness, although this process was much slower than the wetting, lasting about 13 h. The drying process is nonlinear, in that several "steps" can be clearly discerned. Repeated wetting/drying showed that the steps are reproducible, and reference experiments with neat PU reference films. showed similar, although less pronounced features. However,their origin is, at this stage, unclear.
Shape-Memory Effect. To explore the stimuli-responsive shape-memory behavior of the new PU/CNW nanocomposites, thin films were wetted with water, deformed by application of uniaxial stress from their original shape S i to a maximum strain (l f À l i )/l i of 200% (shape S f ) and dried under fixed stress. After drying, the stress was released, and the samples contracted to a temporary shape S t . The samples were subsequently immersed in deionized water, which caused relaxation to a recovered shape S r . Figure 6 shows this cycle for the neat PU and PU/CNW nanocomposites comprising 10 and 20% v/v CNWs, respectively. Table 2 represents the relevant figures of merit in terms of shape fixing (R f ) and shape recovery (R r .).
As can be seen from Figure 6a , the neat polyurethane films contract significantly upon stress removal and only a marginal Figure 6 . Strain as a function of (a) steps and (b) iterations of shape-memory experiments conducted with polyurethane/cellulose nanowhisker nanocomposite films comprising 0, 10, 20% v/v cotton nanowhiskers, where S i is the initial shape with length l i , S f is the intermediate shape under stress with length l f , S t is the temporary shape (stress-free) with length l t , and S r is the recovered shape with length l r .
shape-memory effect is seen upon exposure to water with R f = 13.3% and R r = 1.6% (Table 2) . Relaxation is not complete, i.e., the neat PU films do not completely recover to their original shape, but rather retain a strain of 23%. This phenomenon is wellknown and related to irreversible morphological changes that involve orientation of the hard segments. 59, 60 Therefore, cyclic experiments based on PUs normally include an initial 'conditioning' cycle, which serves to "pre-stretch" the PU before comparative, cyclic experiments are also carried out and eliminates the otherwise appreciable hysteresis between the first and second step (Figure 6b ). The shape fixing value (R f ) of neat PU also indicates that the basic ability of fixing the temporary shape can originate from the orientation of hard segments of PU chains.
Water-swollen nanocomposites with 10 or 20% v/v CNW can readily be deformed to strains of 200%, and retain a strain of 125 and 149%, respectively, upon drying and stress removal (Figure 6a ). Thus, shape fixing (R f ) values (60.7 and 74.3% for nanocomposites with 10 and 20% CNWs, respectively), are considerably higher than for the neat PU (13.3%). Under dry conditions (relative humidity <45%), this temporary shape (S t ) is retained for >24 h, indicating the formation of a moderately aligned cellulose nanowhiskers network upon drying, which fixates the temporary shape S t (Figure 1) . As a consequence of the formation of a network of interacting rigid nanowhiskers the ability to fix this temporary shape (R f , Table 2 ) increases with increasing CNW content. When again immersed in deionized water, these films contract and relax to a shape S r , which shows only a slightly higher residual elongation (strains of 33 and 38% for 10 and 20% v/v CNW) than the neat PU reference film (strain = 23%). Consequently, the shape recovery (44 and 55.2% for nanocomposites with 10 and 20% CNWs, respectively), is considerably higher than that of the neat PU (1.6%). À1 as a function of rotation angle of polyurethane/cellulose nanowhisker nanocomposite films comprising 20% v/v cotton nanowhiskers that were wetted, stretched to a strain of (a) 70% and (b) 70% for 5 min and recovered (wet) after 5 min to strains of 65% and 50% for parts a and b, respectively.
Thus, switching interactions between percolating, rigid nanofibers in a polymer matrix "on" and "off" not only allows one to create stimuli-responsive nanocomposites, but the effect allows, if an elastic matrix is employed, to create shape-memory materials. In order to quantify to what extent the hysteresis, which reduces the shape recovery, is related to the irreversible behavior of the matrix, we conducted cyclic shape-memory experiments, which are shown in Figure 6b . Gratifyingly, it can be seen that the hysteresis vanishes after the first cycle.
Probing the Mechanism. To better understand the role of the cellulose nanowhiskers in the PU nanocomposites with respect to the shape-memory recovery process and to probe the underlying mechanism, investigations were extended to Raman spectral analysis. The orientation of the nanowhiskers was analyzed based on a change of the intensity of the CÀO ring stretch mode located at 1095 cm À1 (Figure 7 ). This orientation measurement involves recording intensity changes of this band as a function of the orientation of the specimen relative to the polarization axis. 61 The intensity of the Raman band located at 1095 cm À1 is maximal if the cellulose chains, and therewith the CNWs, are oriented parallel to the polarization direction. Consequently, the presence of oriented CNWs results in a marked change in the intensity of this band when the axis of the whiskers is rotated away from this condition.
Raman spectra of films of the neat polyurethane and nanocomposites comprising 20% v/v CNWs before and after wetting, uniaxial deformation, and drying the samples to obtain a temporary shape S t are shown in Figure 7 , with the axis of the samples oriented parallel to the polarization axis. All spectra show a high intensity Raman band located at 1095 cm À1 that is due to the CÀO ring stretch mode of the nanowhiskers. A polar scan, which plots the intensity of this band as a function of rotation angle, shows that in nanocomposite films that were neither wetted nor stretched, no preferential orientation of the CNWs exists, since the intensity does not change with rotation angle (Figure 8) . The picture is different for nanocomposite films that were deformed to temporary shapes S t with residual strains of between 50% and 65% ( Figure 9 ). In all stretched samples, the CNWs are aligned parallel to both the stretching and polarization axes. Thus, the data show nicely that the level of orientation depends on the extent of uniaxial deformation. The polar scan of a highly stretched sample (residual strain = 65%, Figure 9a) shows almost uniaxial orientation of the CNWs, whereas the data of a less oriented sample (residual strain = 50% Figure 9b ) reflect some biaxial orientation. Overall the data show that in the stress-free temporary shape S t the CNWs display a higher level of uniaxial orientation than in the initial shape S i . This is consistent with the interpretation that upon drying the water-swollen, deformed nanocomposite samples, hydrogen bonds are established between oriented CNWs that may be attributable for stabilizing the temporary shape (S t ) by re-establishing a percolating, oriented network. It is apparent that incorporating CNWs at levels which can form percolating networks plays a key role not only in improving and switching the mechanical properties, but also in determining the temporary shape and water-induced shapememory recovery effect. It appears that the approach used to create the water-induced shape recovery effect displayed by the materials studied here is general and may be exploitable in different types of mechanically adaptive materials.
Demonstrative Object. The new shape-memory effect introduced here may be useful for certain biomedical applications, where slow, water-diffusion driven mechanical changes and not fast, thermally activated adaptability are desired. The effect may also be useful for consumer applications, for example, self-propelled, artificial fishing lures. Figure 10 shows the momentary shapes of an artificial worm, which twists when wetted and may attract fish in a different manner than static artificial lures. The specimen was fabricated from a PU/ CNW nanocomposite comprising 10% v/v of CNW, by twisting the swollen specimen and drying in the twisted state. During recovery in deionized water, from the shape S t to shape S r , it can be seen that quickly after immersion into water, the specimen moves autonomously, returning slowly to its original shape.
' CONCLUSIONS
We demonstrated that the incorporation of cellulose nanowhiskers, at a concentration around or above the percolation limit, in an elastomeric polyurethane matrix can result in stimuli-responsive nanocomposites, which exhibit mechanically adaptive properties as well as shape-memory behavior. The aqueous swelling behavior of such nanocomposites was observed to increase in a nonlinear fashion with increasing nanowhisker content, suggesting that the water uptake is enhanced by the hydrophilic cellulose and the formation of a nanowhisker network above the percolation limit. Competitive hydrogen bonding of water molecules with the surface hydroxyl groups of the cellulose nanowhiskers changes the hydrogen bonding between the nanowhiskers upon wetting/swelling, and causes a significant reduction of the material's tensile storage modulus. This effect is fully reversible. In the water-swollen, softened state, tensile deformation of the nanocomposites causes a significant level of uniaxial orientation of the cellulose nanowhiskers, which is retained upon drying the materials. The resulting oriented network serves to efficiently fixate a temporary shape, which upon wetting relaxes again to the original shape, due to the elastic polymer matrix employed. It appears that the approach used to create the water-induced shape recovery effect displayed by the materials studied here is general and may be exploitable in different types of mechanically adaptive materials.
